Introduction
Epidermal growth factor receptor (EGFR) has emerged as a promising anticancer therapy target for a variety of solid tumors. Cetuximab, a monoclonal antibody recognizing the EGFR ligand-binding domain, received approval by the United States (US) Food and Drug Administration (FDA) for the treatment of colorectal and head and neck cancers. Cetuximab has shown modest single-agent activity in head and neck and colorectal cancers and is well tolerated with rash, infusion reactions and hypomagnesemia as its most notable toxicities [1] [2] [3] .
Preclinical data indicate that Src family kinases (SFK) mediate EGFR-dependent and -independent signaling pathways important for tumor progression [4] [5] [6] [7] . Of the SFK, c-Src is most characterized and is overexpressed and/or activated in many epithelial cancers including lung and head and neck cancers [8] . c-Src expression and activity increase at more advanced stages of tumor development and contribute to migration and invasion. Inhibition of SFK using pharmacologic inhibitors, siRNA or overexpression of a dominant-negative Src mutant was shown to inhibit EGFR transactivation and invasion [9] . Importantly, combined SFK-and EGFRtargeted treatments was found to be more effective than either agent alone in reducing proliferation and invasion of SCCHN and survival of non-small cell lung cancer (NSCLC) in vitro [10, 11] .
Dasatinib, an inhibitor of several kinases, including SFK, BCR-Abl, c-Kit and EPHA2 [12] [13] [14] , is approved for the treatment of chronic myelogenous leukemia (CML) and Philadelphia chromosome-positive acute lymphoblastic leukemia. Recent data suggest that a once-daily schedule is equally efficacious to the twice-daily schedule initially used for CML and associated with lower incidence of pleural effusions [15] . Preclinical data demonstrate that dasatinib inhibits cell migration and invasion in SCCHN and lung cancer cell lines [16] . Moreover, preclinical models selected for resistance to cetuximab have been reported to be re-sensitized to cetuximab following dasatinib treatment [17] , suggesting that the addition of a SFK-targeting agent to cetuximab therapy may improve clinical response.
Patients and methods

Patients
Patients were enrolled in this study from June 2007 through April 2009. Main eligibility criteria included age ≥18 years with advanced or refractory solid malignancies, an Eastern Cooperative Oncology Group (ECOG) performance status (PS) ≤2, adequate organ function, QT interval corrected for heart rate (QTc) ≤450 msec and no concomitant medications known to induce or inhibit CYP3A4. Previous radiotherapy or chemotherapy (not involving EGFR or SFK inhibitors) was permitted. The study protocol was approved by the University of Pittsburgh Institutional Review Board and registered with clinicaltrials.gov (NCT00388427). All participants provided written informed consent. (2) 150 mg, or (3) 200 mg once daily on a continuous dosing schedule until disease progression. On cycle 1, dasatinib was started 1 day prior to cetuximab (day 0). Patients did not receive premedication with corticosteroids with the infusion of cetuximab. In an attempt to ameliorate early onset headache observed frequently in the first 25 enrolled patients, an additional 6 patients were enrolled and treated on an altered schedule: dasatinib treatment beginning 3 days after the first cetuximab dose of cycle 1.
Evaluations
Pretreatment assessment included history, physical examination, laboratory studies, electrocardiogram and tumor imaging studies within 4 weeks of registration. During the first cycle patients were evaluated weekly.
Toxicities were graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (version 3). Dose-limiting toxicity (DLT) was defined in the first cycle as grade 3 or higher non-hematological toxicity except the following grade 3 toxicities: nausea and vomiting, infusion reactions, rash and hypomagnesemia. Nausea or vomiting (≥ grade 3) lasting longer than 48 h despite maximal medical therapy or a delay of more than 2 weeks in starting cycle 2 due to toxicity were considered DLTs. Patients with grade 3 or worse infusion reactions were removed from study. An abnormal non-hematological laboratory value (grade≥3) was considered a DLT if clinically significant and drug-related. DLT hematological toxicities were defined as absolute neutrophil count <1000/ μL lasting longer than 7 days, grade 4 thrombocytopenia or grade 3 or 4 neutropenia associated with sepsis or fever. Reassessment imaging, including chest imaging, was performed every 2 cycles (6 weeks) and response assessed by the Response Evaluation Criteria in Solid Tumors (RECIST) [18] Pharmacokinetic studies Dasatinib pharmacokinetic (PK) studies were performed on day 0 and on day 15 of cycle 1 for the standard treatment schedule cohort (n =25). Blood for PK analysis was collected at 0.5, 1, 2, 3, 4, 5, 8, 10 and 24 h after dasatinib administration. On day 15 of the first cycle, cetuximab was administered 5-10 min following dasatinib dosing. Dasatinib in plasma was assayed at Bristol-Myers Squibb using liquid chromatography-coupled tandem mass spectrometry. Twenty-four samples were analyzed: 1 day 0 sample and 1 day 15 sample were inadequate for PK analysis. The following parameters were evaluated: maximum observed plasma concentration (Cmax), time of Cmax (Tmax), area under the plasma concentration-time curve from zero to the time of the last quantifiable concentration (AUC(0-T)) and terminal half-life (T-HALF), which was calculated as Ln2/Lz (where Lz was the absolute value of the slope of the terminal log-linear phase). AUC(0-T) was calculated using the mixed loglinear trapezoidal algorithm in Kinetica. The lower limit of quantification for this assay was 1 ng/ml. Plasma analyte levels Custom Searchlight™ (Thermo Scientific) multiplex enzyme-linked immunosorbent assay (ELISA) was used to quantify EGFR, Transforming Growth Factor-alpha (TGF-α), amphiregulin (AR), hepatocyte growth factor (HGF), and cyclooxygenase-2 (COX-2) plasma levels in duplicate. A custom 2-plex assay for EGFR and HGF and custom 3-plex assay for TGF-α, AR and COX-2 were used according to the manufacturer's instructions. Independent reanalysis was performed for randomly selected 5% of samples in order to assess assay reliability.
EGFR, P-SFK and c-Src levels in tumor tissues Paired preand 3-5 week post-treatment tumor tissues were available for immunohistochemical (IHC) staining for 4 patients. Tissues were incubated with anti-EGFR (E3138, 1:75000; Sigma Diagnostics), anti-c-Src (SC-18, 1:100; Santa Cruz Biotechnology), or anti-P-SFK PY-416 (PK1109 1:50; Calbiochem) antibody with or without prior phosphastase treatment (P4978; Sigma) following antigen retrieval. EGFR staining was visualized using Mach 4 HRPPolymer (M4U534H; Biocare Medical) and Dako Substrate Chromagen (K3468; Dako). P-SFK and c-Src were visualized using Dako Dual Envision (K4061; Dako) and Substrate Chromagen (K3468; Dako). Tumor staining intensity (integral scale from 0 to +3) and percentage (to the nearest 10%) were interpreted by a pathologist.
Statistical methods
The study followed a "3+3" dose escalation design. Once the maximum tolerated dose (MTD) was determined, 12 additional patients were entered at the MTD to further study safety. Six additional patients were treated at the MTD with dasatinib starting 3 days after the loading dose of cetuximab.
The intraclass correlation coefficient (ICC) was used to assess ELISA reproducibility. Analyte correlations were evaluated using Pearson's correlation coefficient. Changes in analyte levels from baseline to 14 days after treatment were evaluated using the signed-rank test. Analyte level differences in patients who achieved stable disease (SD) versus those with progressive disease (PD) were evaluated using the rank sum test. High versus low levels of plasma analytes, defined by the median, were tested for association with progression-free survival (PFS), defined as time from first treatment on study to disease progression or death, using the log rank test. Plasma analytes whose levels were found to be significantly associated with PFS by the log rank test (P<0.05) were tested for association with PFS using univariate Cox proportional hazards models and multivariable Cox proportional hazards models adjusted for age and PS.
Results
A total of 31 patients were accrued ( Table 1 ). Sixteen of the 25 patients treated on the original treatment schedule completed at least 1 cycle. Three patients did not complete the first cycle due to early disease progression and 6 patients because of toxicities, 5 of which occurred at the 150 mg daily dasatinib dose and were not considered doselimiting toxicities (DLT) according to predefined criteria. These non-dose-limiting toxicities included 3 hypersensitivity reactions (2 grade 3 and 1 grade 4), 1 grade 2 headache and 1 grade 3 nausea. Patients received a median of 2 cycles (range: 1-15). Six patients had dasatinib dose reductions for treatment-related toxicities.
Toxicities
Among the 25 subjects treated on the original schedule, headache was the most common toxicity and was doselimiting (Table 2) . Typically, headache started the day of cetuximab loading and lasted 1-3 days (median 2 days). Headache was managed with analgesics, usually narcotics (e.g. oxycodone), and sumatriptan. Two patients required hospitalization for management of headache. Three patients developed DLT: 1 patient at a dasatinib dose of 150 mg/day developed grade 3 headache; 2 patients at 200 mg/day developed grade 3 headache and grade 3 nausea despite antiemetics. One patient developed a grade 4 anaphylatic reaction to dasatinib and another patient a grade 3 infusion reaction to cetuximab, which were not considered doselimiting. Thus, the MTD was reached at 150 mg/day of dasatinib. Pleural effusion developed after 2-5 months of treatment in 4 patients (grade 2 in 3 patients; grade 3 in 1 patient). Serious adverse events, grade 3 or 4, reported in more than 2 patients included: dyspnea, vomiting, nausea, allergic reactions, headache and anemia (Table 3) .
Of the 6 patients treated on the altered schedule, 3 experienced headache prior to starting dasatinib (grade 2 in 2 patients; grade 1 in 1 patient) which resolved before starting dasatinib on day 4. Other serious adverse events included hypophosphatemia (n=2) and syncope with QTc prolongation (n=1) ( Table 3) . One patient suffered sudden death at the doctor's office on cycle 1, day 21; no autopsy was performed, but the event was considered unlikely related to treatment.
Pharmacokinetics
The PK parameters (AUC and T-HALF) of dasatinib were comparable when given alone (day 0) or in combination with cetuximab (day 15) ( Table 4) . Dasatinib was rapidly absorbed with a Tmax of 1-2 h. After the completion of the absorption phase, concentrations of dasatinib declined rapidly with a terminal phase half-life of 5-6 h. Dasatinib Cmax and AUC parameters were similar for 100 mg and 150 mg dasatinib doses with and without cetuximab ( Table 4 ).
Antitumor activity
In 23 patients evaluable for response, there were no objective responses; 10 patients with the following tumors had SD as best response: salivary gland cancer (n=3), follicular thyroid carcinoma (1), papillary thyroid carcinoma (1), adenocarcinoma of the esophagus (1), sarcoma (2), adenocarcinoma of unknown primary (1) and NSCLC (1). Median duration of SD was 4.3 months (range 2-22). Patients with previously untreated adenocarcinoma of unknown primary and papillary thyroid carcinoma both had SD lasting 22 months. Data regarding tumor progression prior to study enrollment were not collected.
Pharmacodynamics P-SFK and c-Src levels in PBMC protein lysates were measured (Fig. 1a) . Compared to baseline levels, P-SFK levels on day 0 tended to be reduced by 4 h following dasatinib dosing, were significantly reduced by 8 h and did not differ from baseline levels at 24 h (Fig. 1b) . At day 15, P-SFK levels were also significantly decreased by 8 h from same day pre-dasatinib dosing levels (P=0.03), and P-SFK levels at 24 h did not differ from pre-dasatinib dosing levels (P=0.18) (data not shown). Therefore, SFK were transiently inhibited in PBMCs following dasatinib dosing. The kinetics of inhibition were not appreciably altered with the co-administration of cetuximab. There was no association between antitumor activity and P-SFK levels. P-SFK changes in tumor samples were heterogeneous. A NSCLC tumor had markedly reduced P-SFK levels posttreatment, while no appreciable changes in P-SFK levels was observed for the liposarcoma (Fig. 1c) or parotid tumor (data not shown). The patient with liposarcoma had SD as best response while the other patients with paired tumor biopsies had PD as best response. c-Src was not altered with treatment (data not shown).
Plasma analytes
We measured plasma EGFR, TGF-α, AR, COX-2 and HGF levels in patients treated on the standard treatment schedule at baseline (n=25) and day 15 (n=16). COX-2 levels were generally below detection limit and were not further evaluated. ICCs for the remaining analytes were 93% to 98%, indicating the assay performed well (data not shown).
AR and TGF-α levels were significantly correlated at baseline and day 15 (ρ=0.51, P=0.01 and ρ=0.60, P=0.02, respectively). No other analytes tested were correlated. EGFR levels were reduced (P=0.007) and AR and TGF-α levels were increased (P=0.004 and P=0.007, respectively) after treatment; HGF levels were unaltered. Patients with g Pleural effusion developed after 2-5 months of treatment PD had higher baseline TGF-α levels than patients with SD (P=0.02). Patients with high baseline TGF-α levels had worse PFS (P=0.036) (Fig. 2a) . This association was statistically significantly in univariate proportional hazards models (HR =2.64; 95% CI=1.03-6.78) but not after adjusting for patient age and performance status (HR= 2.16; 95% CI=0. 80-5.82 ). No other analyte tested was associated with disease progression (Fig. 2) . 
Discussion
Approaches to enhance the antitumor activity of EGFR inhibitors are under active clinical investigation. The combination of EGFR and SFK inhibitors is well supported by preclinical data [7, 9, 10] , prompting our phase I trial. We demonstrated that 150 mg of dasatinib given once daily can be safely combined with cetuximab and we recommend this dose for a phase II trial of dasatinib and cetuximab in SCCHN. Initiating dasatinib after cetuximab is recommended to avoid early-onset severe headache. The mechanism of headache remains unclear; a PK interaction was not demonstrated. PK studies showed no evidence that cetuximab affects dasatinib PK parameters, and the parameters observed were within the range reported for other dasatinib clinical trials. Dasatinib, a multi-kinase inhibitor, is currently under investigation in various solid malignancies. A recent phase II study of dasatinib monotherapy in NSCLC reported 43% of patients had either a partial response or SD [19] . Low single agent activity was also reported in SCCHN [20] , indicating it may be preferable to study dasatinib in combination regimens. The combination of erlotinib, an oral EGFR-tyrosine kinase inhibitor, and dasatinib has been investigated in a phase I/II trial in NSCLC with similarly common GI, fatigue and skin rash toxicities but with only one patient reporting headache, which was grade 2 [21] . This study reported two objective responses in patients with previously treated NSCLC. One High versus low levels were defined by the median level. Log rank P values are provided of these occurred in a patient whose tumor harbored an EGFR activating mutation. EGFR activating mutations are exceedingly rare in Caucasians with SCCHN. P-SFK levels were decreased in PBMCs following dasatinib administration when dasatinib was given alone or after the addition of cetuximab. This transient decrease of P-SFK levels in PBMCs observed in patients is similar to the transient reduction in P-SFK PBMC levels seen in the nude mouse prostate xenograft model [22] . We observed no correlation between degree of inhibition of SFK phosphorylation in PBMCs and disease control. Changes in P-SFK levels in tumors with treatment were heterogenous. This may reflect transient inhibition of SFK as seen in PBMC and/or variable times from dasatinib dosing to tumor collection and fixation.
The changes in plasma EGFR, AR and TGF-α levels following combined cetuximab-dasatinib treatment likely reflect both physiological changes and the limitation of the ELISA assay. The accumulation of EGFR ligands following cetuximab administration in in vitro and in vivo cancer models was reported to result from ligand displacement and/or blocking of ligand binding sites by cetuximab [23] . The observed decrease in EGFR plasma levels following treatment may reflect assay antibody specificity rather than physiological changes associated with treatment.
We are unable to distinguish the prognostic versus predictive value of baseline TGF-α plasma levels. However, baseline plasma TGF-α levels may be useful for defining patients more likely respond to this regimen. A planned phase II study in SCCHN patients combining dasatinib with cetuximab will assess the relationship between baseline TGF-α plasma levels and response. Role of funding sources BMS provided drug and support for the study costs and pharmacokinetics; the Head and Neck Cancer SPORE provided support for the conduct of the correlative studies.
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